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Asymmetric cross coupling reactions in which stereochemistrybearing C-C bonds are created are still in their infancy. Considering the wealth of compounds that can be prepared by cross-coupling methodologies, and the importance of synthetic methods leading to enantiomerically enriched products, this is a surprising reality. Advances in this area have occurred in the past few years, in the realm of enantioselective or enantiospecific cross couplings of chiral electrophiles [1] In the area of cross coupling of stereodefined nucleophiles, Crudden originally reported the enantiospecific cross coupling of chiral enantiomerically enriched benzylic boronic esters (eq. 1). [2] [3] Similar reaction conditions were shown by Aggarwal [4] to be applicable to tertiary propargylic boronic esters (eq. 2) and by Crudden to allylic boronates in racemic form (eq. 3). [5] Elegant examples of stereospecific cross couplings of unrelated chiral organoboronic esters have followed from Suginome, Hall and Molander, [6] and recent advances have been reported in the stereospecific Stille cross coupling. [7] [8] Herein, we address the question of enantiospecificity, isomeric composition and mechanism in the coupling of enantiomerically enriched versions of allylic boronic esters such as 6 and related derivatives. We demonstrate that the coupling proceeds with almost perfect stereoretention in all cases, and high -selectivity with several classes of substrates. The method provides a valuable addition to the cross coupling of allylic organometallics such as organosilanes, [9] where introduction of chirality in the starting materials can be challenging. Remarkably, this is the first report of the coupling of chiral, non-racemic allylic organoboron species, [10] a readily available class of substrates. [11] After brief optimization, conditions for the cross coupling of allylic boronic esters were found, with small but significant changes from the previously described coupling procedure [2] for benzylic boronic esters. Most importantly, with the addition of only two equivalents of PPh 3 relative to Pd, the reaction proceeded in high yield with virtually complete enantiospecificity.
In addition to providing good yields and high  selectivities for substrates similar to those previously reported in racemic form, [5] equally good results were obtained regardless of the geometry of the olefin (Entries 1-2) and branched aliphatic substituents were well tolerated (entry 3). Interestingly, although yields were lower, even trisubstituted allyl boronic esters were reactive (entry 4). Entry 5 describes the only example in which there is an aromatic substituent on the vinyl group and this is the only example where the crosscoupling proceeds with (albeit moderate) -selectivity. The same propensity for styrene-containing substrates to react with selectivity was observed in previous work, and in these cases, selectivities for -arylation of 8:92 (nBu in place of CH 2 CH 2 Ph) and 18:82 (nHex in place of CH 2 CH 2 Ph) were observed. [5] The rationale for the -selectivity in these cases is discussed in an overall mechanistic context below.
We next embarked on the synthesis of enantiomerically enriched versions of allylic boronic esters using Aggarwal lithiationborylation methodology. For example, (Z)-10 was prepared in 80% yield with a 98:2 e.r. (eq. 5). [11c, 12] Boronic esters (E)-10, (E)-13, and (E)-14 were prepared in a similar manner in high yield and selectivity. [11c, 12] However, the synthesis of (E)-15, which requires the lithiation and homologation of a benzylic carbamate, is significantly more challenging, as the lithiated derivative is configurationally unstable even at low temperature, leading to racemic products. [13] Hoppe has shown that under thermodynamic control, bisoxazoline ligands are effective with this class of carbamate, and we found that the combination of this ligand with the more reactive neopentyl glycol boronic ester provided the desired chiral allylic boronate (R,E)-15 with 96% enantioselectivity. [14] Having secured access to all of our key substrate classes in enantiomerically enriched form, we then examined the enantiospecificity of the coupling reaction. All of the substrate classes investigated reacted with virtually complete enantiospecificity ( Table 2 ). The (Z)-allylic boronates 10 and 13 gave the -products with high E selectivity. In contrast, the (E)allylic boronate 10 gave the -product with lower E selectivity although high E selectivity was restored with the more hindered i-Pr substituent. The E/Z selectivity is governed by A 1,3 strain between the R 1 and R 2 substituents in the conversion of A→B (Scheme 1).  Electronic effects with respect to the aryl halide were then explored in the cross-coupling of allylic boronic ester (R,Z)-13 (96:4 e.r.). As shown in Table 3 , electron neutral or electron rich aryl iodides gave the desired product in good yield and high isomeric purity favoring the (E)-γ-product (Table 3 , entries 1-3). Electron poor aryl iodides resulted in decreased yields but still reacted with high enantiospecificities ( Table 3 , entries 4-6). The two most likely mechanisms for transmetalation are anti-and syn-S E ' type reactions, which would lead to opposite stereoisomers of the product. [9] Mechanistic studies on the Suzuki-Miyaura reaction [15] point to likely pathways that involve a B-O-Pd linkage In order to test this hypothesis, the absolute stereochemistry of the products was determined and was found to correlate with olefin stereochemistry. [16] Thus, (R,E)-10 was shown to give (S,E)-17a, whilst cross coupling of the geometrical isomer (R,Z)-10 gave (R,E)-17a (Scheme 2). This is consistent with a syn-S E ' transmetalation.
The involvement of -allyl intermediates in the transformation was considered next. [17] Isomerization of the σ-bonded transmetalated intermediate B to the isomeric organopalladium intermediate C, could occur prior to reductive elimination. If this isomerization occurred fully, the ratio of-cross coupled products would be solely dependent on the relative rate of reductive elimination from intermediates B or D (Scheme 1).
Scheme 2. Absolute configuration of products and the relationship to mechanism of transmetalation
To test the involvement of -allyl intermediate C, we prepared a selectively deuterated allylic boronic ester, 18, in which the steric and electronic effects of the two substituents are equivalent. Subjecting 18 (90:10 mixture of  D-isomers) to our standard conditions gave an 85:15 (±5%) ratio in favor of  product 19a, indicating that reductive elimination is faster than isomerization via -allyl intermediate C (eq. 8). Indeed, it appears that on the order of 95% of the transmetalated intermediate A proceeds to product without isomerization through C.
The synthesis of a deuterated diphenyl substituted version of 18 was not possible due to facile borotropic shifts, making a conclusive statement on the mechanism of the reaction for these particular substrates difficult. However, the observation that different starting materials in which an aryl group is present on either end of the allylic unit give the same major product (eqs. 9, 10) suggests that allyl intermediates are more prevalent in these cases. Conjugation of the double bond with the aromatic ring presumably provides the driving force for the selectivity observed. As shown in eqs 9 and 10, although the same product is obtained starting from either (E)-15 or (E)-20, [18] the selectivity starting from (E)-20 is markedly lower. In this case, there is a stronger driving force for B→C(→D) due to conjugation which now out-competes k re (B), resulting in the product being major. [19] In conclusion, we have described the first enantioselective Suzuki-Miyaura cross-coupling of chiral, enantioenriched secondary allylic boronic esters. The reaction proceeds with high -regioselectivity and high retention of chirality. Mechanistic studies show that the reactions proceed via -selective transmetalation followed by reductive elimination; the latter process competing with isomerization to the π-allyl intermediate. Deuterium labeling studies show that direct reductive elimination is faster than formation of a -allyl intermediate for alkyl substituted allylic boronates. In addition to the synthetic utility of this transformation, the reaction provides the first independent confirmation that the transmetalation of boronic esters proceeds via a syn pathway, in accord with mechanistic studies that show the importance of the B-O-Pd linkage for facile transmetalation. 
